The ultrafast decay of the excited-state of DNA bases, reported here and elsewhere [Peon & Zewail, Chem. Phys. Lett. 348 (2001) 255], makes very difficult the probing of the full hydration dynamics in DNA. Here we present studies of the natural DNA base mimic, 2-aminopurine (2AP), whose excited-state decay is much longer, in water and, for comparison, in bulk ethanol. Guided by these solvation results, which directly reflect the role of orientational and translational diffusion, we reexamine the ultrafast decay rates for the natural nucleotides and nucleosides. The results are important for the mechanism of energy disposal in DNA. Ó
Introduction
The dynamics of water in the close vicinity of a biomolecule is crucial to biological function [1] and plays a significant role in the molecular recognition of protein-ligand, protein-protein, protein-DNA and DNA-ligand systems. From this laboratory, recent emphasis in this area has centered around femtosecond dynamics of hydration at protein surfaces [2, 3] . A key feature of these studies is the use of an intrinsic probe to obtain dynamical information without any disruption of the native structure of the macromolecule and with femtosecond resolution. For two different proteins, we have used for the interrogation a single tryptophan molecule at the surface and in contact with water. In a recent theoretical study [4] the correlation between this solvation dynamics and the residence times of water in the hydration layer was shown to depend on the dynamical exchange with the bulk.
Studies of local reorganization in modified DNA strands have been reported recently [5, 6] . By measuring time-resolved Stokes shift of an extrinsically inserted coumarin dye molecule to a deoxyribose of a DNA strand, these studies indicate a complex relaxation behavior on time scales ranging from 40 ps to 40 ns; the complementary strand has an abasic site analog opposite to the probe coumarin. The coumarin molecule was used in the above study in order to obtain information on the local environment in DNA. However, the lack of structural information on the coumarin-DNA complex, from X-ray or NMR study, keeps www.elsevier.com/locate/cplett unknown the extent of perturbation on the native local structure of DNA. On the other hand, the naturally occurring bases are not appropriate candidates to interrogate the full dynamics of hydration because of their ultrashort lifetimes in the excited states, as reported here and elsewhere using the direct fluorescence up-conversion method [7] [8] [9] .
The analogue of adenine, 2-aminopurine (2AP), is commonly used as fluorescent sensor base and in this laboratory we have used it as a probe for studies of electron transfer in DNA duplexes and with nucleotide [10, 11] . 2AP is structurally similar to the natural base adenine (A) (see Scheme 1) with almost the same properties of base pairing with thymine [12] and even cytosine [13] . NMR studies have recently confirmed that the replacement of A by 2AP does not perturb in a significant way the local structure of DNA [12] [13] [14] . Additionally there is evidence of conservation of biological function with this replacement [15, 16] as with other base mimics such as 7-azaindole with a thymine analogue [17] .
In this Letter, we report on the use of 2AP as a probe to interrogate the dynamics of hydration with femtosecond (fs) resolution in bulk water, and, for comparison, solvation in ethanol. The observed characteristic time constants in the constructed hydration correlation function of bulk water is similar to that obtained from other upconversion experiments using the tryptophan probe [2, 3] . Hence, 2AP provides a unique opportunity for probing the total hydration and structural dynamics in DNA. Moreover, the time scale of hydration is directly relevant in the studies of DNA nucleotides and nucleosides and here we consider such influence from analysis of decays for adenosine and thymidine.
Experimental
All experimental measurements were carried out by using femtosecond-resolved fluorescence up-conversion technique. The experimental setup is described elsewhere [2, 3] . The femtosecond excitation pulse ($200 nJ) from the tunable laser system was used at 297 nm. The probe pulse was set at 800 nm. The fluorescence from the sample was collected by a pair of parabolic focus mirrors and sent into a nonlinear crystal to mix with the probe pulse. The up-converted signal in the deep UV range (230-290 nm) was detected by a photomultiplier after dispersion through a double grating monochromator. For all transients the polarization axis of the pump beam was adjusted to be at 54.7°(magic angle) with respect to the acceptance axis of the nonlinear crystal and the polarization axis of probe beam.
2AP was purchased from Sigma (99% pure) and used without further purification. 100% ethanol (best grade) was acquired from Aaper alcohol. The aqueous solution of 2AP was prepared in water from a Nanopure purification system. The concentration of 2AP in aqueous and ethanol solutions were maintained to be 10 and 5 mM, respectively. Studies of nucleosides follow the same procedure reported in reference [7] .
Results and discussion

Hydration of the base 2AP
As shown in Fig. 1 (top), 2AP in bulk water has an absorption maximum at 304 nm. The position of excitation is shown by an arrow. In the emission spectra, 2AP in bulk water and ethanol show fluorescence maxima at 370 and 364 nm, respectively, for 297 nm excitation. For comparison, the fluorescence spectrum of 2AP in the nonpolar solvent dioxane is also shown (maximum 355 nm for excitation at 297 nm). From the steady-state spectra, the solvatochromic shift of the fluorescence towards the longer wavelengths with the increase in solvent polarity is evident. Fig. 1 (bottom) displays the typical transients observed in the blue and red end of the spectrum in water, and shows the robustness of the behavior for two different excitation wavelengths (297 and 320 nm).
The transients observed at different wavelengths, from the blue to the red side of the fluorescence spectrum of 2AP in water, are shown in Fig. 2 . The emission transients detected in the blue region of the fluorescence spectrum are characterized by an instant rise (cross-correlation) and typically a picosecond decay component. When detection is made in the red region, the decay part slows down until eventually an initial rise on a picosecond time scale is observed. The nanosecond decay was not measured here but was fixed at 11.8 ns, which is the lifetime of 2AP in the relaxed equilibrium state [18] . These overall features are well recognized as being characteristic of solvation dynamics.
To construct the dynamical change of the spectra at various times, t, and the solvent response function, CðtÞ, we have adopted the procedure described in reference [19] . From the parameters of best fit to the emission transients and using the steady-state emission spectrum, time-resolved emission spectra (TRES) were constructed. The solvation dynamics is then described by the response function CðtÞ which is defined as: CðtÞ ¼ ½mðtÞ À mð1Þ=½mð0Þ À mð1Þ, where mð0Þ, mðtÞ and mð1Þ denote the observed emission energies (in wavenumbers) at time 0, t, and 1, respectively. The time constants for solvation were determined from the temporal evolution of CðtÞ.
The inset of Fig. 3 depicts the TRES of 2AP in water. The steady-state fluorescence spectrum is shown in the figure (dotted line) for comparison with infinite time (4 ps in this case) spectrum. The time evolution of CðtÞ is shown in Fig. 3 , lower panel. The decay of the CðtÞ was fitted to a biexponential function, giving two time constants $200 fs (15%) and 870 fs (85%); the $50 fs or less component was not resolved. The net dynamical spectral shift is 610 cm À1 from 27 140 cm À1 to 26 530 cm À1 (4 ps). The temporal behavior of the CðtÞ is very similar to that observed recently using the aminoacid tryptophan as solvation probe [2] . This is consistent with the fact that both probes interrogate the same dynamics of bulk water; both increase their dipole moments upon excitationfor tryptophan it is $6 D, while for 2AP the increase is estimated to be ð1:6 6 Dl 6 2:9 DÞ [21].
Solvation vs. vibrational relaxation
The observed behavior of CðtÞ on the subpicosecond time scale result from solvation processes; vibrational relaxation is relatively insignificant for several reasons. First, as shown in Fig. 1  (bottom) , the behavior of the transients is the same for excitation at 297 or 320 nm. The theoretically predicted lowest transition energy for 2AP chromophore (S 0 ! S 1 Þ, p-p Ã in character, is estimated to be at 33 550 cm À1 in the gas phase [18] , and our excitation energy is close to such a value (see also the arrows in Fig. 1 ). Similar to tryptophan, which was excited near the zero vibrational energy state, the excess vibrational energy for 2AP is not significant. Second, the shape of TRES at early times is not significantly different from those obtained for later times, consistent with the lack of vibrational relaxation at our energies and time scale of CðtÞ. It should be mentioned that vibrational relaxation of adenosine in water [20] occurs on a few picoseconds, but for an excess energy of $34 000 cm À1 . Finally, the observed relaxation dynamics in ethanol is found to be much slower than that in water, confirming the above conclusion regarding the evolution of CðtÞ.
In bulk ethanol, at the blue side (335 nm) the transient shows a decay of 14 ps (50%) and a nanosecond component (again, the 11.8 ns; 50%), as shown in Fig. 4 . At the red end (440 nm) of the spectrum, a rise with a time constant of 28 ps, together with the nanosecond (11.8 ns) component, was observed. The temporal behavior in Fig.  4 is a clear indication of the slower solvation process. The reported [22] average solvation time for ethanol is 16 ps, which is only slightly longer than our observed decay (14 ps) at the blue end. The rise component at the red end (28 ps) is also close to the longest time constant of the reported solvation relaxation (29.6 ps). Another confirmation of the observed slow relaxation comes from dielectric relaxation measurements by Barthel et al. [23] . The study confirmed the existence of three dispersion regions with solvent longitudinal dielectric relaxation time constants of 1.3, 7.6 and 30 ps. The reported longest longitudinal relaxation time constant (30 ps) is in a close agreement with our observation of the rise component (28 ps) at the red end of the fluorescence spectrum of 2AP in ethanol; if CðtÞ was constructed for ethanol, then we could resolve the other relaxation time(s). Fig. 3 . The solvent response function constructed from femtosecond-resolved up-conversion measurements of 2AP in water. TRES (inset) at five delay times, from the initial t ¼ 0 and at longer times (see text). The arrows are displayed to indicate the decrease in intensity with time at the blue end and the corresponding rise at the red end, elucidating the spectral shift. The steady-state fluorescence spectrum of 2AP in water is also shown (dotted line) for illustration.
The natural DNA bases
As mentioned above, the native bases of DNA, in contrast to 2AP, have ultrashort excited-state decays, as reported by this laboratory, using fluorescence up-conversion [7] , and by other groups, using transient absorption [20, 24, 25] . Our initial report of direct lifetime measurements of eight nucleotides and nucleosides support the conclusion that all these molecules undergo internal conversion to the ground state on the sub-picosecond time scale. In that study [7] , we analyzed the data by considering a single exponential decay of the up-conversion signal.
In view of the above results of femtosecond hydration we refitted here the data to a biexponential function. In more recent study by [8, 9] , the up-conversion transients for adenine and thymine nucleosides/nucleotides were fitted to a biexponential function, the fastest being sub-100 to 200 fs, and the other decay time ranged from 0.5 ps, for adenine nucleoside/nucleotide, to 0.69 and 1.1 ps, for thymine's nucleoside and nucleotide, respectively. These deconvolution of decays in both studies give agreement for the longer time constants [7] [8] [9] . Our data on the nucleosides/nucleotides can be fitted to the same biexponential function, but, as shown in Fig. 5 , the difference is not significant enough for us draw major conclusions. However, if fitted to a biexponential form, then we obtained the shortest decay to be $200 fs. In our current analysis we consider a revised instrument response time of 450 AE 100 fs (somewhat different from the 360 fs value [7] ).
With the response time obtained from the analysis of the instrument-limited rise-times in 2AP in ethanol and biphenyl-carboxilic acid in methanol as well as from the up-conversion of water's Raman scattering, we obtained the fits in Fig. 5 : the up-conversion transients for adenosine 0 -monophosphate (AMP), the same decay times were observed as for adenosine (within our signal-to-noise). For thymidine 5 0 -monophosphate (TMP) we obtained s 1 % 0:2 ps (62%) and s 2 ¼ 1:2 ps (38%). In Fig. 5 (bottom) , we include the result of a single exponential fit for comparison.
For thymidine 5 0 -monophosphate (TMP) in water we have checked for the behavior of the transients with fluorescence wavelength. As shown in reference [7] , all transients in the wavelength region of 310-350 nm, covering the blue and red side, display decays to the base line, with no longlived component; at our signal-to-noise level the overall decay time is within 30%. This conclusion is consistent with the study made in reference [8] . We therefore conclude that the lifetime is indeed 1 ps or less and that solvation may only contribute on the femtosecond time scale.
Conclusion
Hydration dynamics of 2AP in water was observed, with our time resolution, to be ultrafast, $200 and 870 fs, but in ethanol solvation is much longer (16 ps), elucidating the potential for using 2AP as probe of hydration in DNA. We have conducted some preliminary experiments of 2AP in well-defined DNA duplexes [10] and the full study will be published elsewhere. Because excitedstate lifetimes of naturally occurring DNA bases are ultrafast they cannot be used to probe the full range of hydration dynamics, but the role of hydration, especially in the early domain of femtoseconds, cannot be completely ignored. This is particularly relevant when one is addressing the mechanism of energy disposal by, e.g., conical intersections, as suggested by Sobolewski and Domcke and their colleagues [26, 27] . Independent of the initial $100-200 fs relaxation, all studied nucleosides and nucleotides (reference [7] and here) dispose their energy in water in less than 1 ps. The biological significance is clear.
